The chemical origins of nitrated tyrosine residues (NT) formed in proteins during a variety of pathophysiological conditions remain controversial. Although numerous studies have concluded that NT is a signature for peroxynitrite (ONOO ؊ ) formation, other works suggest the primary involvement of peroxidases. Because metal homeostasis is often disrupted in conditions bearing NT, the role of metals as catalysts for protein nitration was examined. nitrotyrosine ͉ nitric oxide ͉ peroxynitrite ͉ oxidation ͉ hemin N itrated tyrosine residues (NT) have been used as a marker of the involvement of nitric oxide (NO) and its related chemistry in a number of pathophysiological disorders including cardiovascular (1, 2) neurodegenerative and malignant conditions (1-5), such as septic shock (6), multiple sclerosis (7), Alzheimer's disease (8), and amyotrophic lateral sclerosis (9). In cancer the presence of NT often correlates with a poor prognosis (10), suggesting diagnostic implications.
N itrated tyrosine residues (NT) have been used as a marker of the involvement of nitric oxide (NO) and its related chemistry in a number of pathophysiological disorders including cardiovascular (1, 2) neurodegenerative and malignant conditions (1) (2) (3) (4) (5) , such as septic shock (6) , multiple sclerosis (7), Alzheimer's disease (8) , and amyotrophic lateral sclerosis (9) . In cancer the presence of NT often correlates with a poor prognosis (10) , suggesting diagnostic implications.
Several mechanisms for NT formation have been proposed, and its origin remains controversial (11) (12) (13) (14) (15) (16) . Detection of NT in vitro following exposure to synthetic peroxynitrite (ONOO Ϫ ) initially suggested that the reaction of NO with superoxide (O 2 Ϫ ) may be the primary source of NT (17, 18) . Further studies demonstrated that cogeneration of NO and O 2 Ϫ gave dissimilar results than bolus synthetic ONOO Ϫ (12, 19, 20) . These disparities in nitration yields arose from further reactions of ONOO Ϫ with excess NO or O 2 Ϫ (21). Given the complexity of this seemingly simple reaction, much debate has ensued over the likelihood of NT formation under biologically relevant conditions (12, 14) .
In addition to a ONOO Ϫ -mediated pathway, NT formation has been shown to result from the catalysis of nitrite oxidation by peroxidases, thus providing an alternate mechanism for its formation in vivo (22) (23) (24) . Although leukocyte peroxidases likely account for a substantial amount of NT production in vivo, this mechanism fails to explain NT formation in the absence of inflammatory cells or peroxidases [i.e., a MPO Ϫ/Ϫ mouse model (25) ].
NT has been shown to occur on distinct proteins rather than in an indiscriminate manner (26) . This may result from variations in protein susceptibility to nitration due to conformational differences or to association with redox active metals (27, 28) . We evaluated the relative efficacy of the synthetic ONOO Ϫ , NO͞O 2 Ϫ cogeneration, peroxidase, and redox active metal pathways to promote NT formation.
Materials and Methods
BSA (essentially globulin-free), ribonuclease A, ferriprotoporphyrin IX (hemin), superoxide dismutase (SOD; bovine erythrocytes), cytochrome c, horseradish peroxidase (HRP), catalase (Cat), hypoxanthine (HX), myoglobin (horse heart), 2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), FeSO 4 , diethylenetriaminepentaacetic acid (DTPA), dimethylformamide (DMF), ␤-amyloid (1-42) protein (A␤), MnO 2 , and CuCl 2 were purchased from Sigma-Aldrich. H 2 O 2 , NaHCO 3 , NaNO 2 , and FeCl 3 were from Fisher Scientific. Other reagents were as follows: xanthine oxidase (XO; Roche, Nutley, NJ), myeloperoxidase (MPO; human PMN leukocytes; Calbiochem), dihydrorhodamine 123 (DHR; Molecular Probes), GFP (CLONTECH).
Stock solutions were prepared fresh daily at 100ϫ in MilliQ filtered H 2 O unless otherwise noted. The assay buffer contained the metal chelator DTPA (50 M) in calcium and magnesium-free Dulbecco's PBS (pH 7.4) Ϯ 500 M HX as indicated (HX buffer).
Figures are representative of n Ն 3 individual experiments.
Synthetic ONOO Ϫ was prepared by simultaneously mixing solutions of 0.5 M NaNO 2 in 0.5 M HCl and 0.5 M H 2 O 2 , followed by rapid quenching in 1 M NaOH as described (29) . The resulting basic solution was exposed to MnO 2 to remove excess H 2 O 2 , which was reduced to Ͻ1% per mole of ONOO Ϫ . After filtering, aliquots were stored at Ϫ20°C for less than 2 weeks. Directly before use, the concentration was determined from the absorbance value at 302 nm
gift from J. A. Hrabie, National Cancer Institute-Frederick Cancer Research and Development Center, Frederick, MD). Dilutions were made in assay buffer from 100 mM stock solutions in 10 mM NaOH. The stock concentration was determined immediately before use by measuring the absorbance at 250 nm ( ϭ 8,000 M Ϫ1 ⅐cm
Ϫ1
; ref. 31). Superoxide was generated by XO-catalyzed degradation of HX (500 M). The rate of production was assessed by reduction of cytochrome c (550 nm, ⌬ ϭ 21,000 M Ϫ1 ⅐cm Ϫ1 ), as described (32) .
The steady-state concentration of NO produced during SPER͞NO degradation was determined electrochemically with a NO probe (World Precision Instruments, Sarasota, FL) controlled by a DUO18 amplifier and suspended into the assay cuvette. Signals were calibrated using argon-purged 100 mM phosphate solutions of saturated NO Oxidation Assay. Peroxynitrite, either produced synthetically or in situ by the NO͞O 2 Ϫ reaction, produces the fluorescent compound rhodamine (RH) via two-electron oxidation of DHR (36) . Immediately before use, stock solutions of 50 mM DHR (10 mg) were prepared in DMF (0.6 ml) and diluted 1,000-fold into stock HX assay buffer. Various concentrations of XO (0.22-28 M O 2 Ϫ ͞min) were added to black-wall microtiter plates (Costar) on ice containing 200 l of the DHR͞HX buffer. After addition of 100 M SPER͞NO, the reactions were allowed to proceed for 1 h at 37°C with or without CO 2 (20 mM NaHCO 3 in 5% CO 2 , 95% air, incubator), and the fluorescence was measured at 570 nm following excitation at 500 nm. Under these conditions, production of the ONOO Ϫ scavenger urate from xanthine was determined spectrophotometrically (305 nm; ϭ 8,030 M Ϫ1 ⅐cm
; ref. 37) to be negligible.
Western Blot and Dot Blot Analysis. Protein samples (1.4 g) were subjected to PAGE on either 10% or 4-20% gradient Tris-glycine acrylamide gels (Novex-Invitrogen, Carlsbad, CA). Following transfer to PDVF Immunolon P membranes (Millipore), samples were probed with rabbit polyclonal 3-nitrotyrosine antibodies (0.5 g͞ml; Upstate Biotechnologies, Waltham, MA). Bands were visualized with HRP-conjugated secondary antibodies (1:10,000; Sigma) and chemiluminescent substrate (Pierce). For dot-blot analysis, samples (protein or cell extract, 14 g) were vacuum transferred to PDVF membranes by using a filtration manifold system (Minifold 1; Schleicher & Schuell), and the membrane was probed as above. Gel images were scanned using an AGFA (Wilmington, MA) DuoScan hiD scanner, and relevant bands were cropped to size by using PHOTOSHOP 5.0 (Adobe Systems, Mountain View, CA) with no further manipulation.
Nitration of BSA, ribonuclease A, GFP, and A␤ (all at 80 g͞ml) was examined following exposure to SPER͞NO and XO as described above for DHR but in HX buffer alone. Further, the effects of SOD (50 nM), catalase (100 units͞ml), hemin (2 M), HRP Cell Culture. MCF-7 human breast carcinoma cells (American Type Culture Collection) were plated and grown to 90% confluency in RPMI medium 1640 (Life Technologies, Grand Island, NY) containing 10% FBS (HyClone). Cells were washed five times with PBS, incubated with serum-free RPMI medium 1640 and then were either pretreated with hemin (4-32 M) for 1 h and washed five times or were coincubated with hemin during a 2-h exposure to SPER͞NO (100 M) ϩ H 2 O 2 (100 M).
Protein cell extracts were made by suspending washed MCF-7 cells into cold PBS, spinning, and resuspending in lysis buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail; Calbiochem). Following 30 min incubation on ice, the samples were centrifuged at 14,000 ϫ g, and the supernatant protein concentration was determined by the bichoncinic acid method (Pierce).
Results
A concentration-dependant NT signal was detected following BSA exposure to synthetic ONOO Ϫ (Fig. 1) , consistent with previous studies (38, 39) . The lower limit of detection with this system was 1 M synthetic ONOO Ϫ . Bolus addition of synthetic ONOO Ϫ was shown to not accurately reflect the resultant chemistry of this species under biological conditions (19) . Therefore, nitration elicited by the reaction between NO and O 2 Ϫ was examined using 100 M SPER͞NO, which releases NO at 2.7 M NO͞min, and various concentrations of XO to generate O 2 Ϫ fluxes of 0.22-28 M͞min. The SPER͞NO concentration was selected to approximate biological production (40) . Under these conditions, DHR oxidation to RH resulted in the characteristic bell-shaped fluorescence curve (36) , with maximal oxidation occurring when the rates of NO and O 2 Ϫ formation were approximately equivalent (Fig. 2D) . A similar DHR oxidation profile was observed at a constant rate of O 2 Ϫ production (1.8 M͞min) with increasing SPER͞NO (6.3-1600 M; data not shown).
Under similar conditions, Western blot analysis revealed immunoreactivity for NT on BSA (Fig. 2 A) only at points corresponding to maximal DHR oxidation (Fig. 2D) . The chemistry of ONOO Ϫ can be augmented in the presence of CO 2 (41) . However, CO 2 . BSA (80 g͞ml), NaNO2 (1-100 M), H2O2 (1-100 M), and hemin (0.25-4 M) were added to 1 ml of PBS containing DTPA (50 M), followed by a 1.5-h incubation at 37°C. Each dot represents 14 g of protein vacuum transferred to a PDVF membrane and probed with rabbit polyclonal 3-nitrotyrosine antibodies (0.5 g͞ml) and HRP-conjugated secondary antibodies (1:10,000). A and B represent separate membranes and therefore intensity differences between them should not be directly compared. (Fig. 3) . In the presence of hemin, however, SOD enhanced nitration, indicating that H 2 O 2 may be required. This finding was verified by loss of signal with addition of catalase. Similar nitration patterns were seen with the heme enzymes HRP (Fig. 3 ) and MPO (data not shown).
The similarities between the peroxidase and hemin profiles raised the possibility that hemin may result in nitration independent of ONOO Ϫ due to build-up of end-products from the generation of NO and O 2 Ϫ , such as NO 2 Ϫ and H 2 O 2 (22) . NT was observed with various combinations of these reactants (Fig. 4) . BSA nitration was evident with reactant concentrations of 1 M, which are within physiologic or pathologic ranges. Nitration by hemin required both NO 2 Ϫ and H 2 O 2 but was more dependent on the NO 2 Ϫ than H 2 O 2 concentration (Fig. 4B) . Thus, the rate-limiting step in nitration involves oxidation of NO 2 Ϫ . The nitration signal on A␤ observed in the presence of hemin͞H 2 O 2 ͞NO 2 Ϫ was enhanced by the addition of an equivalent amount of BSA (Fig. 5) . These data suggest that BSA, by virtue of its ability to bind hemin (44) , may facilitate nitration of neighboring proteins. This hypothesis was further examined with intact human MCF-7 carcinoma cells. Similar to purified proteins, hemin coincubation with H 2 O 2 (100 M) and SPER͞NO (Ϸ200 M NO 2 Ϫ ), conditions that would not be expected to produce ONOO Ϫ , catalyzed nitration of cellular proteins (Fig. 6) . Nitration was also observed following addition of H 2 O 2 and SPER͞NO subsequent to preincubation of cells with hemin followed by vigorous washing. These data indicate that nitration was catalyzed not only by free hemin but also by hemin that was either adherent or internalized. BSA slightly increased the level of NT signal from MCF-7 cells during coincubation but substantially reduced nitration if preincubated (data not shown). This indicates that the association of hemin with BSA is sufficiently strong to compete with binding to MCF-7 proteins, and therefore, the availability of hemin is reduced following BSA removal by washing.
Finally, because proteins such as BSA and A␤ are capable of binding free metals (45) , the ability of different metal ions to catalyze nitration by H 2 O 2 and NO 2 Ϫ was examined. Ferric, ferrous, and cupric (Cu 2ϩ ) ions readily nitrated BSA in a dose-dependant manner (Fig. 7) .
Discussion
Peroxynitrite is often presented as the sole source of NT in vivo (46) . This simple and initially attractive concept has been substantiated by the fact that bolus synthetic ONOO Ϫ can readily nitrate proteins (ref. 38 ; Fig. 1) . However, the complexity of the chemistry resulting from simultaneous generation of NO and O 2 Ϫ is emphasized by the dramatic reduction in NT yield at nonstoichiometric reactant amounts (Fig. 2 A) 6 . Immuno dot-blot demonstrating nitration of cellular proteins by hemin, H 2O2, and SPER͞NO. MCF-7 cells in culture (90% confluent) were exposed for 2 h to 100 M H2O2 and 100 M SPER͞NO in serum-free media. Cells were either pretreated (for 1 h) with hemin (4 -32 M) and washed five time, or cotreated with hemin. Cell proteins were extracted, vacuum transferred (14 g per dot) to a PDVF membrane, and probed with rabbit polyclonal 3-nitrotyrosine antibodies (0.5 g͞ml) and HRP-conjugated secondary antibodies (1:10,000).
Fig. 7.
Immunoblot demonstrating nitration of BSA by free metals. CuCl2, FeCl3, or FeSO 4 at 2 or 25 M was added to 1 ml of BSA solution (80 g͞ml PBS) containing NaNO 2 (100 M) ϩ H2O2 (100 M). After a 2-h incubation at 37°C, each sample (1.4 g of BSA per lane) was subjected to PAGE on 10% Tris-glycine acrylamide gels followed by membrane transfer and was probed with rabbit polyclonal 3-nitrotyrosine antibodies (0.5 g͞ml) and HRP-conjugated secondary antibodies (1:10,000). Bands represent BSA (66 kDa) run on a single gel. 
It is interesting to note that under excess O 2 Ϫ while significant DHR was oxidized, nitration was not observed (Fig. 2 A and D) . This indicates that nitration and oxidation are mediated by different species, as suggested (49) .
Given the challenges, even under ideal conditions, of achieving NO͞O 2 Ϫ mediated NT formation, it seems unlikely that in the complex setting of cellular biology that ONOO Ϫ should be considered the major source of NT in vivo, and alternative biochemical pathways become necessary. The well studied peroxidase oxidation of NO 2 Ϫ to NO 2 has been proposed as the principle source of nitration (50) . This system has the advantage over the intermediacy of ONOO Ϫ by using the more chemically stable substrates NO 2 Ϫ and peroxide (hydrogen or alkyl), lifting the temporal and spatial constraints of reactant production allowing accumulation over time. In fact Pfeiffer et al. (20) demonstrated that cytokineactivated macrophages produce O 2 Ϫ maximally at 1-3 h, whereas NO production was not maximally observed until 6-8 h after stimulation.
Myleoperoxidase has been shown to nitrate proteins through a one-electron oxidation of NO 2 Ϫ to NO 2 and has been proposed to be the major source of this alteration (50) . This is quite reasonable because leukocytes are often present in conditions bearing the signature of NT. Both HRP (Fig. 3) and MPO (data not shown) generate NT from NO͞O 2 Ϫ , but only after conversion of each reactant to NO 2 Ϫ and H 2 O 2 , respectively. Although peroxidases unmistakably account for significant amounts of NT formation in vivo, this mechanism may not adequately explain the nitrated proteins detected in a MPO Ϫ/Ϫ mouse model (25) Production of NT is associated with many chronic neurodegenerative diseases such as Alzheimer's disease (8) , multiple sclerosis (7), Parkinson's disease, and amyotrophic lateral sclerosis (9) . A feature common to these diseases is the presence of redox active metals and concomitant increases in oxidative damage (52) . Hemin-facilitated nitration of BSA occurred across a broad range of NO͞O 2 Ϫ fluxes (Fig. 2B) as a result of end-product formation, for example by SOD, rather than via ONOO Ϫ catalysis (Fig. 3) . Multiple tyrosine-containing proteins are nitrated by hemin, NO 2 Ϫ and H 2 O 2 ( Figs. 4 and 5 ; data not shown), indicating that high yield nitration is not specific to peroxidase alone.
Hemin͞BSA complexes are representative of peroxidase chemistry in general but also may serve as a model for conditions where hemes are translocated. Chronic NO exposure has been shown to result in liberation of prosthetic heme (53) . This mobilization of heme in the cell could easily serve as a catalyst for NT formation in the presence of H 2 O 2 and NO 2 Ϫ derived from NO (Fig. 6 ). Free heme also up-regulates expression of hemeoxygenase-1 (HO-1; ref. 54) , which is responsible for heme degradation. A resultant product of this regulatory mechanism is free iron, which is also capable of mediating nitration reactions (Fig. 7) . Therefore, dysregulation of heme proteins and iron homeostasis, as seen under pathologic conditions such as hemolysis, hemorrhage, and metabolic and neurodegenerative disorders, may explain the associated increase in NT observed with these diseases.
One obvious explanation is that heme and Fe 2ϩ ͞Fe 3ϩ are simply catalyzing ONOO Ϫ -mediated oxidation. Although this may be a minor, if any, contribution to the total NT yield, it should be emphasized that in the case of NO͞O 2 Ϫ and hemin, SOD increased the effect, whereas catalase abolished the signal. Thus, rather than ONOO Ϫ -mediated nitration, this is indicative of a peroxidase-type mechanism, whereby H 2 O 2 reacts with heme to form the ferryl -cation radical species, which subsequently oxidizes NO 2 Ϫ to form NO 2 , as seen with myeloperoxidase (Eqs. 8 and 9; ref. 50).
where P is porphyrin. This is consistent with the fact that heme͞BSA complexes possess peroxidase activity and can also oxidize phenolic compounds (55) . In a complex cellular environment, the question arises as to the effect of hemin on nitration of multiple proteins. Coincubation of hemin with BSA and A␤ resulted in nitration of both proteins (Fig.  5) . The differential intensity may be attributed to 21 tyrosine residues in BSA compared with 1 in A␤. Under these conditions the relative nitration of A␤ by hemin was increased, suggesting that the tight association of hemin with BSA (55) could serve as a catalyst for nitration of other proteins through a diffusible intermediate, presumably NO 2 . Additionally, a robust NT signal was observed following treatment of cells with hemin or hemin͞BSA (Fig. 6) . Cellular nitration was achieved after hemin treatment followed by extensive washing, demonstrating limited temporal constraints in contrast to in situ ONOO Ϫ formation. This finding provides important insight into conditions of hemolysis, hemorrhage, and interstitial bleeding where heme may accumulate before recruitment of NO and O 2 Ϫ ͞H 2 O 2 Ϫ -generating inflammatory cells to the sight of injury. This suggests that translocation of heme can serve as a local catalyst, as well as forming adducts on neighboring proteins. This substantiates our previous findings, in which NO 2 , but not ONOO Ϫ , was shown to effectively migrate into cells to nitrate intracellular GFP (19) .
Because the coordinated iron of hemin was able to oxidize NO 2 Ϫ and effectively nitrate proteins, it was important to determine the efficacy of free transition metals. This process may have potential importance in the pathogenesis of several neurodegenerative disorders, especially in Alzheimer's disease, where metals are a prominent etiologic feature (52) . Iron and copper levels have been measured as high as 0.4 and 1.0 mM, respectively, in the brains of Alzheimer's patients (56) . NT formation on BSA in the presence of NO 2 Ϫ and H 2 O 2 was catalyzed by free ferrous, ferric, and cupric ion (Fig. 7) . These ions most likely react with peroxide to form a metal-oxo complex or ⅐ OH through Fenton-type chemistry (57, 58 Although there were differences in the relative efficacy of each ion to catalyze nitration, this could be attributed to differences in solubility or additionally to possible variations in preference for different protein ligand environments. In direct contrast to hemin, nitration by Fe 2ϩ during the NO͞O 2 Ϫ reaction resulted in nitration only at limited fluxes ( Fig. 2 B and C) . It is interesting to note that the O 2 Ϫ concentration that resulted in maximal NT formation in the presence of Fe 2ϩ is shifted to a lower O 2 Ϫ flux compared with NO͞O 2 Ϫ alone (Fig. 2 A and C) . This can be explained by one of two mechanisms: either an increase in ONOO Ϫ -mediated nitration by metal catalysis (43) (Fig. 2 B and C) may be a result of the differential chemistry of free versus coordinated iron, as well as kinetic differences of catalytic and noncatalytic substrates.
In conclusion, this evaluation of protein nitration, using low, biologically relevant fluxes of NO, supports other work that suggests that nitration from ONOO Ϫ is a highly unlikely event in biological systems (12, 19) . Further, we propose that any species capable of Fenton-type chemistry, such as peroxidases, free heme, or metal ions, will mediate tyrosine nitration, providing an attractive alternative to the narrow constraints placed on the ONOO Ϫ reaction. Due to the rather ubiquitous nature of heme proteins, NO 2 Ϫ and H 2 O 2 , it seems likely that metal-mediated nitration has broader applicability to pathophysiological systems.
